[2] Atmospheric ultrafine particles are either formed by 27 gas-to-particle conversion processes, in which hot and 28 supersaturated vapors undergo condensation upon being 29 cooled to ambient temperatures, or directly emitted as 30 products of incomplete combustion processes [Finlayson-31 Pitts and Pitts, 1986] . Although the mass fraction of the 32 ultrafine mode is negligible, this size range contains the 33 highest number of ambient particles as well as the highest 34 total surface area. Because of their increased number and 35 surface area, ultrafine particles are particularly important in 36 atmospheric chemistry and environmental health.
37
[3] Recently, increasing toxicological and epidemio-38 logical evidence supports the link between respiratory 39 health effects and exposures to ultrafine particles. Recent 40 epidemiological studies [Heyder et al., 1996; Peters et al., 41 1997] demonstrate a stronger association between health 42 effects and exposures to ultrafine particles compared to 43 accumulation mode or coarse particles. Toxicological stud-44 ies by Donaldson et al. [1998] indicate that ultrafine 45 particles exerted a stronger physiological effect than 46 the same mass of coarse or fine particles. A recent study 47 by Li et al. [2003] indicates that ultrafine particulate matter 
52
The same study showed that ultrafine particles, and to a 53 lesser extent fine particles, localize in mitochondria where 54 they induce major structural damage.
55
[4] A rapid single-particle mass spectrometer (RSMS) 56 was developed at the University of California, Davis, 57 and the University of Delaware [Phares et al., 2002] there are two major improvements in RSMS-3: (1) both [5] A particle concentrator (versatile aerosol concentra-110 tion enrichment system, VACES) has been developed at the 111 University of Southern California and deployed in many 112 field experiments Kim et al., 2001a Kim et al., , 113 2001b . In its optimum configuration, VACES concentrates 114 fine particles, including the ultrafine mode, by a factor up to 115 30, depending on the ratio of total-to-minor flow rates of the 116 virtual impactor Kim et al., 2001a Kim et al., , 117 2001b . Evaluation of the VACES was previously per-118 formed in both laboratory and field and the results are 119 described in a great detail by Kim et al. [2000 Kim et al. [ , 2001a Kim et al. [ , 120 2001b and Geller et al. [2002] . The ability of the VACES 121 to concentrate particles has been laboratory tested using 122 different type of particles, including polystyrene latex 123 (PSL), silica beads, ammonia sulfate, and ammonia nitrate, 124 in the size range from 50 to 1900 nm and at three minor 125 flow rates of 7, 10, and 20 liters per minute (lpm) with the 126 major intake flow rate of 220 lpm. HEADS and VACES [Kim et al., 2000] .
158
[6] A field evaluation of the VACES concentrator cou-
159
pled to the RSMS-3 ultrafine single-particle mass spectrom- the source region, the particle is ablated and ionized. 233 probe, a fraction of the total flow, referred to as the minor flow 234 (typically 10 -20% of the total flow), is allowed to pass 235 through the probe, leaving particles larger than the cut point 236 contained in a small fraction of the initial gases. The cut point 237 of the virtual impactor used in VACES was 2.5 mm.
238
[9] In this experiment, the minor flow of the VACES 239 concentrator was coupled to the RSMS-3 instrument; that is, 240 the minor flow of the concentrator is directly connected to 241 the sample port of the RSMS-3 mass spectrometer. The two 242 instruments were operated at their original configurations, 243 as described in the previous paragraphs in this section, 244 without any modifications. 245 
Data Analysis

246
[10] After firing each laser pulse, 5000 data points of the 247 digitizer signals were acquired and examined by a computer. 248 A single-particle mass spectrum was recorded when the 249 height of any peak in the selected spectral region was 250 greater than the predefined threshold value. Afterward, the 251 data were transmitted from Pittsburgh Supersite to the UC 252 Davis campus for storage and postprocessing. The single-253 particle mass spectra were first mass calibrated (converted 254 from time to mass coordinates) covering the spectral range 255 from m/z = À256 to m/z = +256. Spectra with a broad peak 256 centering at m/z = 149 were caused by instrument emission 257 and therefore were considered as background. After quality 258 control to remove the background spectra, the calibrated 259 spectra were integrated and normalized at integer m/z 260 values and finally classified using the Adaptive Resonance 261 Theory -2a (Art-2a) algorithm, which was first introduced 262 by Hopke and Song [1997] for mass spectra analysis.
263
[11] The Art-2a algorithm uses the vector dot product as 264 its similarity metric to classify the particles and is controlled 265 by two parameters. The vigilance factor sets the similarity 266 condition and the learning rate determines the rate at which 267 the parameters adjust. The algorithm first selects each 268 normalized spectrum in a random order and compares it 269 to an existing set of weight vectors. If a winning weight 270 vector is found to have the largest degree of similarity with 271 the selected spectrum and its dot product with the 272 corresponding particle vector is greater than the predefined 273 vigilance factor, the selected spectrum is considered to 274 belong to the class that the winning weight vector represents 275 and then it is incorporated into the winning weight vector. In 276 this case, the weight vector components are shifted toward 277 the added spectrum's by the learning rate. If no weight 278 vector satisfies the vigilance criterion with the selected 279 spectrum, the particle vector becomes a new weight vector Once all spectra were selected, the whole procedure was of negative ion spectra, they were excluded in this study.
310
[13] The RSMS-3 hit rates were defined as the nonback- [15] RSMS-3 was scheduled to measure one sample of 332 unconcentrated ambient air followed by a concentrated 333 sample at each particle size. The measurement time for 334 each orifice (each particle size bin) was terminated by a 335 maximum of 30 particle hits or 5 minutes whichever came 336 first. Each measurement was repeated 2 -3 times. The 337 VACES concentrator was operated with a fixed major flow 338 of 105 lpm. In total, 342 mass spectra from ambient air 339 sample and 462 from sample with concentrator were 340 recorded on 5 March 2002 after removal of the background 341 spectra.
342
[16] Figure 3 shows the enhancement of RSMS-3 hit rates 343 by VACES concentrator at different particle sizes observed 344 in this study. Enrichments of particle concentration by 345 VACES were also predicted on the basis of the ratios of 346 total-to-minor flow rates of the impactor. Since the minor 347 flow of the VACES concentrator was directly coupled to the 348 RSMS-3 sample port, the minor flow of VACES was equal 349 to the RSMS-3 sample flow listed in Table 1 plus the 3 lpm 350 flow of the Nafion dryer which is not listed in Table 1 . 351 Diamonds connected with a solid line represent the 5 March 352 results. The hit rate enhancement of RSMS-3 varies with 353 particle size for a number of reasons. Since the VACES 354 minor flow rate changed when RSMS-3 was sampling 355 different particle sizes (see Table 1 ), while its major flow 356 rate was fixed, the ratio of total-to-minor flow rate, and 357 therefore the VACES concentration enrichment, changed 358 with particle sizes, which is consistent with the predicted 359 enrichment of particle concentration by VACES at large 360 particle sizes and can readily be seen in Figure 3 . With the 361 VACES concentrator, particle hit rates of the RSMS-3 were 362 increased by 10 -17 times for the particles with sizes 363 ranging from 109 to 354 nm. From size 640 nm to 364 1100 nm, the hit rate enhancements became smaller as the .
373
[17] At the small particle side, the hit rate enhancements 374 also decreased as the flow rate decreased which is contrary 375 to the predicted particle concentration enrichment that 376 increased. At these small particle sizes, the flow rates (about 377 3 lpm) into RSMS-3 were lower than the design conditions 378 for the concentrator, so particle losses to the walls of the 379 diffusion dryer would be substantial. On the other hand, the 380 enrichment of particle concentration by VACES is affected 381 to a large extent by the actual minor flow ratio and deviates 382 from its ideal value as this ratio becomes smaller (i.e., less 383 than about 5%). This is because as this minor flow 384 decreases, particle losses mostly on the collection nozzle 385 of the virtual impactor increase, thereby decreasing the 386 overall enrichment [Marple and Chien, 1980; Sioutas et 387 al., 1994] . This is the case also with the virtual impactors 388 used in the VACES to concentrate the grown ultrafine 389 particles . Despite these losses, the 390 hit rate enhancements at 40 and 73 nm were about 5. were made to achieve the maximum enhancement of 402 RSMS-3 hit rates.
403
[18] All single-particle mass spectra obtained on 5, 7, and 404 8 March were divided into two groups, with and without the 405 concentrator, to calculate the hit rate enhancements and Figure 3 . Enhancement of RSMS-3 hit rate by VACES particle concentrator. Predicted particle concentration enrichments were calculated using the ratio of VACES total-to-minor flow rate, where the 3 lpm flow rate passing through the RSMS-3 Nafion dryer was taken into account. . Average spectra of (a) ammonium nitrate and (b) carbon nitrate and (c) comparison between the two average spectra. The ammonium nitrate spectrum has been scaled up by 2.43 in Figure 5c to show the similarity between the two spectra.
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406 classified using Art-2a algorithm. All spectra were parti-407 tioned into 8 composition classes. Each of the eight classes 408 represented more than 10 particles and those classes con-409 taining less 10 particles were considered minor and not 410 presented. Figure 4 shows the fractions of total hits for each 411 class observed on 5 March. The two major classes were 412 ammonium nitrate (nitrate peak is domain in the spectra) 413 and carbon nitrate (carbon peaks are domain in the spectra 414 with a small nitrate peak), whose average spectra are shown 415 in Figures 5a and 5b . Without the concentrator, about 51% 416 of the particles were in the ammonium nitrate class and 417 about 35% particles were in the carbon nitrate class, while 418 their values were about 40% and 40%, respectively, when 419 the concentrator was used. Figure 5c compares the average 420 spectrum of the ammonium nitrate class with the one in the 421 carbon nitrate class. The two spectra are very similar except 422 for the NO + peak at m/z = 30 where the peak in the carbon 423 nitrate class was much lower than in the ammonium nitrate 424 class. Thus it appears that the concentrator might introduce 425 a compositional change in a fraction of the particles, 426 primarily shifting nitrate from particles in the ammonium 427 nitrate class to those in the carbon nitrate class. This shift 428 could be also due to a change in atmospheric composition 429 during the experiment, so experiments on 7 and 8 March 430 were designed to address this potential ambiguity. Including 431 the effects of changes in chemical position of ambient air, 432 the statistical uncertainty in RSMS-3 measurements, and the 433 coupling with particle concentrator, in total about 8% 434 particles were shifted from the ammonium nitrate class to 435 the carbon nitrate class during the experiments on 5 March. 436 More discussion regarding to this shift will be made in the 437 following sections. [19] The RSMS-3 operating schedule was adjusted to 440 measure one sample with concentrated air, one without, 441 and again one with, at each particle size to separate changes 442 in particle composition due to ambient conditions from 443 those due to the concentrator. In order to obtain a more 444 statistically significant sample, the measurement time was 445 terminated at 30 particle hits at each particle size without 
507 opposite. By comparison, on 7 and 8 March, the shifts at 508 both fine and ultrafine particles (Figures 7c and 7d) are the 509 same direction as that of the average. Observation by 510 RSMS-3 on these days did not indicate any dependence 511 of the class shift on particle sizes because the shift directions 512 were random. From this point of view, it is thus unlikely 513 that the VACES particle concentrator introduced the shift of 514 particles from one class to another. If the concentrator did 515 introduce such a shift, the patterns of the class shift should 516 not change day-by-day.
517
[24] Figure 5c shows that the average spectra for the 518 ammonium nitrate and carbon nitrate classes are identical 519 when scaled to the C 1 + peak heights, except for the height of 520 the NO + peaks. Therefore it appears that the two classes 521 have similar underlying carbonaceous cores with varying 522 amounts of ammonium nitrate condensed, presumably due 523 to varying particle age. Figure 8 shows the frequency 524 distribution of particles from both classes as a function of 525 the logarithm of the NO + /C 1 + peak ratio. Areas under each 526 curve in Figure 8 are normalized to 1. It is seen that the 527 frequency of ammonium nitrate class has a maximum at 528 NO + /C 1 + > 1, while the maximum of carbon nitrate class is 529 located at NO + /C 1 + < 1. There is a valley between the two 530 maxima near NO + /C 1 + = 1. The Art-2a algorithm breaks the 531 two classes near this valley. Since the valley is not very 532 pronounced and in fact the distribution between the ammo-533 nium nitrate and carbon nitrate classes is more of a 534 continuous distribution, subtle differences between ammo-535 nium nitrate class and carbon nitrate class near NO + /C 1 + = 1 536 can move particle spectra from one class to the other. The 537 atmospheric conditions, instrument operating conditions, 538 and the Art-2a initial conditions could cause this movement.
539
It can also be seen in Figure 8 that some of the high NO + /C 1 + 540 particles were classified as carbon nitrate, which may be due 541 to other peak information, since when the Art-2a algorithm 
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542 compares a selected spectrum with the existing set of weight 543 vector, all peaks in the spectrum make contribution to the 544 vector dot product. Therefore, when the contribution of 545 other peaks to the dot product becomes more significant, the 546 Art-2a may shift the class from one to another.
547
[25] Comparisons of these frequency distributions for 548 ambient air and concentrated air are shown in Figures 9a 549 and 9b for 5 March and 7 and 8 March, respectively. On 550 7 and 8 March the frequency distribution was skewed 551 toward the NO + /C 1 + < 1 (see Figure 9b) indicating that on 552 that day carbon nitrate particles (carbonaceous particles 553 with a small amount of nitrate condensed on them) were 554 observed much more frequently than ammonium nitrate 555 particles (carbonaceous particles with a lot of nitrate 556 condensed on them). Figure 6 shows the same results. 557 Since both ammonium nitrate and carbon nitrate particle 558 classes were observed in more equal proportions on 5 559 March (see Figure 4) , the frequency distribution appears 560 on both sides of NO + /C 1 + = 1 as shown in Figure 9a . 561 There appear to be no significant difference in the 562 frequency distributions between ambient and concentrated 563 samples on both days and that the class shift from 564 ammonium to carbon nitrate was not due to the particle 565 concentrator. 
